Introduction
============

The evolution of the surgical incision was imperative for the success of the phacoemulsification (phaco). Small and sutureless clear corneal incisions (CCI) have become the standard adopted by most surgeons in the world due to its smaller risk of endophthalmitis, less surgically induced astigmatism and consequently better visual results in the immediate postoperative period.[@b1-opth-13-365]--[@b9-opth-13-365]

Previous studies have shown that triangular and square-shaped incisions are safe and self-sealing. However, reproducing the same pattern of triangular or square incisions can be a challenge even for experienced surgeons. CCIs are usually performed manually with the aid of angled steel or other cutting material keratomes with predetermined width. The result is susceptible to the amount of stretching in the corneal tissue during incision, generating tunnel extensions inferior to the one intended and variations in the angles of entrance and exit and tunnel length.[@b3-opth-13-365],[@b6-opth-13-365],[@b7-opth-13-365],[@b9-opth-13-365]--[@b16-opth-13-365]

In the pursuit for perfection in cataract surgery, the femtosecond (femto) laser technology was incorporated and became adopted in many practices around the world. The theoretical advantages of the technology include high precision and reproducibility in corneal incision, capsulotomy and nucleus fracture. The ultra-short pulse laser causes photo disruption to separate tissue. It can be focused very accurately at different depths of the corneal and lens tissue using anterior segment optical coherence tomography (AS-OCT) for image guiding.[@b2-opth-13-365],[@b4-opth-13-365],[@b5-opth-13-365],[@b9-opth-13-365],[@b12-opth-13-365],[@b17-opth-13-365]--[@b21-opth-13-365]

Still little is known about the healing process and the effect on the adjacent tissue of operative wounds made by the femtosecond lasers. Some studies suggest great precision and safety in performing the incisions while others report the appearance of complications previously uncommon in the traditional manual technique.[@b2-opth-13-365]--[@b4-opth-13-365],[@b20-opth-13-365],[@b21-opth-13-365]

A possible way to evaluate the in vivo corneal changes from the application of the femtosecond laser to perform CCIs is through AS-OCT. Some previous studies showed that it is possible to precisely assess the architecture of the incisions made with both keratomes and femtosecond laser using this technology in a noninvasive manner. However, most of the studies evaluate the results after the end of the case when incision manipulation and stromal hydration have been performed and therefore may influence the results.[@b14-opth-13-365],[@b18-opth-13-365],[@b22-opth-13-365]--[@b26-opth-13-365]

In this study, we intended to evaluate the femtosecond laser incisions and corneal changes immediately after laser delivery and observe the changes in corneal architecture shortly after surgery.

Patients and methods
====================

This study was conducted according with the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of the Hospital Oftalmológico de Brasília, Brazil. The study was a prospective, comparative, controlled, nonrandomized case series. Patients were selected at the cataract outpatient clinic of the Hospital Oftalmológico de Brasília and underwent femtosecond laser-assisted cataract surgery (FLACS) using the LenSx System (Alcon Laboratories, Inc., Fort Worth, TX, USA) between January 2015 and March 2015, performed by a single experienced surgeon (WTH) using topical anesthesia.

All patients provided written informed consent and underwent complete pre and postoperative ophthalmologic assessment, including measurement of uncorrected (UDVA) and corrected (CDVA) visual acuity for far with early treatment diabetic retinopathy study charts using the logarithm of the minimal angle resolution notation; corneal aberrometry (OPD-Scan III, Nidek Co. Japan), Scheimpflug corneal tomography (Oculus Pentacam^®^, Wetzlar, Germany) and endothelial cell counts (CellCheck Xl Specular Microscope, Konan Medical USA, Inc., Irvine, CA, USA). The exclusion criteria were presence of corneal diseases and opacities; previous ocular surgeries; intraoperative complications or during laser delivery; stromal hydration of the incision at the end of surgery. For incision evaluation, a Spectrum domain OCT with anterior segment module was used (Spectralis^®^, Heidelberg Engineering Co., Heidelberg, Germany).

Among 20 eyes of 20 patients selected for the trial, 2 eyes of 2 patients were excluded because they had had incision hydration performed at the end of the case and 7 eyes of 7 patients were also excluded for missing one or more postoperative examinations. At the end, 11 eyes from 11 patients met inclusion and exclusion criteria and performed the complete follow-up of postoperative examinations up to 30 days after surgery with the same topical drug regimen.

The main incision was located temporally and programmed to be triplanar with the following characteristics: 2.5 mm wide, 1.8 mm tunnel extension, 90° anterior cutting angle, 80° posterior cutting angle, 20° lamellar cutting angle at 90% depth of the corneal thickness. The energy parameter was 5.8 μJ, 4 μm of spot separation and 3 μm of layer separation. After the success of the patient interface coupling process and confirmation of parameters and image with the AS-OCT, the laser was applied to the patient.

The evaluation of the main corneal incision was made with the AS-OCT immediately after the delivery of the femtosecond laser, prior to any manipulation of the incision by the surgeon (after femto). Three other AS-OCT evaluations were performed: immediately after the end of the surgery (after phaco); first day postoperative (first postop) and after 30 days postoperative (30th postop), [Figure 1](#f1-opth-13-365){ref-type="fig"}.

Corneal pachymetry was measured through the AS-OCT instrument's software and checked through graphic analysis software (Adobe Photoshop CS 2015). The methodology for pachymetric evaluation of the incisions was similar to the study conducted by Lee et al.[@b24-opth-13-365] Corneal pachymetry (distance between epithelium and corneal endothelium in a line perpendicular to the corneal surface) was analyzed in the image: at the midpoint of the tunnel of the incision, 1 mm toward the center of the cornea from the midpoint (nasal point) and 1 mm towards the limbus from the midpoint (temporal point). The pachymetric changes at different periods in every point were analyzed and compared ([Figure 2](#f2-opth-13-365){ref-type="fig"}).

We also analyzed the reproducibility of the incisions comparing the data of the cornea entry angle, the incisional tunnel angle in relation to the tangential plane of the corneal surface and the angle of entry in the anterior chamber, hereafter referred as incision exit angle. The same graphic analysis software was used to measure the angles ([Figure 3](#f3-opth-13-365){ref-type="fig"}).

Complementing the evaluation of the AS-OCT images, we documented the prevalence of epithelial failures at the entrance of the incision (epithelial gaps), endothelial failures at the entrance of the anterior chamber (endothelial gaps) and Descemet's membrane detachments.

Statistical analysis was performed using software R (R version 3.4.1, Vienna, Austria). In the initial phase of the analysis, the Student's *t*-test (for two paired samples) was used to compare pachymetry parameters at each time interval in the measurements comparing averages with normal distribution. To verify the normality of the data, the Shapiro--Wilk test was used. For the nominal variables present in the study (epithelial gaps, endothelial gaps and Descemet detachments), the chi-square test for proportions was used.

Ethics statement
================

This study was approved by the research ethics committee of the Hospital Oftalmológico de Brasília Institutional Review Board, Brasilia, Brazil.

Results
=======

Both UDVA and CDVA had statistically significant improvement (*P* \<0.05) when comparing preoperative and postoperative measurements [Table 1](#t1-opth-13-365){ref-type="table"}.

The preoperative endothelial cell count (mean = 2,513 cells/mm^2^) for the total recovery period (mean =1,969) had a mean reduction evaluated at 22%.

Pachymetric evolution
---------------------

The corneal thickness was measured at three points (midpoint, nasal point and temporal point). Immediately after femto, the midpoint was, on average, 704 μm; the nasal point 667 μm and the temporal point 745 μm. After phaco, the measurements, on average, were 948 μm, 902 μm, 858 μm, respectively. During the first postop, the mean point had, on average, 901 μm, the nasal point 901 μm and the temporal point 783 μm; and during 30th day postop, these points measured, 691 μm, 661 μm and 731 μm, on average, respectively [Figure 4](#f4-opth-13-365){ref-type="fig"}.

It was found that there is a statistically significant difference in the corneal thickness between corneal thickness after femto and after phaco for the three points (*P* \<0.05). No significant difference was observed after phaco when compared with the first postop, unless for the temporal point. Between the first postop and the 30th day postop, there were significant differences in the nasal and midpoints [Tables 2](#t2-opth-13-365){ref-type="table"} and [3](#t3-opth-13-365){ref-type="table"}.

[Figure 5](#f5-opth-13-365){ref-type="fig"} shows the occurrence of endothelial gaps, epithelial gaps and Descemet detachments for every moment. There was a significant increase in the incidence of Descemet detachments (*P*-value \<0.05) and endothelial gaps (chi-squared test, *P*-value =0.0133), which increases in 72% of cases from after femto to after phaco, followed by gradual reduction in the 1st day postop and 30th postop [Figure 5](#f5-opth-13-365){ref-type="fig"}.

Four measures related to the incisions were observed after femto: the angle of entry, the angle of exit, the angle of the tunnel and the tunnel length. Such measurements were compared to the standard programmed values, where the input angle measures 90°, the output angle measures 80°, the tunnel angle measures 20°, and length 1,800 μm. There was a statistically significant difference in only two of the measurements (entry angle and exit angle) from the standard values. For the other parameters (tunnel angle and length), there was no significant difference ([Table 4](#t4-opth-13-365){ref-type="table"}).

Discussion
==========

To our knowledge, this is the first study that evaluated the architecture of the corneal incisions before any manipulation by the surgeon allowing a true comparison of the incisional architecture delivered with what was programmed. Moreover, it eliminates distortions in the evaluation of the incision due to manipulation.

By evaluating UDVA and CDVA data, there was a significant improvement in the vision of patients submitted to FLACS, suggesting that the surgical technique used was effective for visual recovery as suggested in most of the other studies.

There was an average 22% endothelial loss rate observed in the 30th day postop specular microscopy assessment. A further comparative study of cases without the use of FLACS is necessary to assess whether this result is greater than expected or not. Some studies suggest that after a longer postoperative period these differences would not be significant.[@b1-opth-13-365],[@b2-opth-13-365],[@b19-opth-13-365]

Based on our inclusion criteria, we selected only those cases that at the end of the surgery did not require stromal hydration for incisional sealing, with no apparent leakage. The goal was to measure how much of the pachymetric changes and other findings were related to laser application or to surgical manipulation. Cases in which stromal hydration was required for incision sealing at the end of the surgery were excluded. It would be necessary to perform the evaluation through AS-OCT before and after hydration to conclude whether those cases that did not require hydration reached sealed incision status due to better incision architecture or due to less manipulation of the incision, but this is not practical in a clinical setting.

When analyzing the pachymetry at the three points measured for each moment, we observed that there was no significant difference between the analysis of the incisions immediately after femto and the 30-day postop evaluation. This suggests that the laser delivery alone does not cause significant damage to the cornea other than the incision path. However, there was a significant difference between corneal pachymetry after femto and after phaco. Considering that the incisions evaluated were not submitted to stromal hydration, this evaluation suggests that structural changes observed in the pachymetry of the three points analyzed, as well as perilesional edema, were related more to manipulation of the incision by the surgeon than by the laser thermal damage.

In our study, we found an occurrence of endothelium gaps of 18% immediately after the application of the laser and of more than 91% after phaco, reducing to 82% on the first day postop and to 55% for the 30-day evaluation. We believe that the high endothelial gap incidence was due to manipulation of the incision at the end of the surgery. Mastropasqua et al in a comparative study between manual and laser incisions found a prevalence of 85.7% for 1 day from surgery and 36.7% for 30 days using femtosecond incisions.[@b18-opth-13-365] Wang et al found similar prevalence with one day of surgery (85.7%), but found better results for 1 to 3 months postoperatively (31.8%) using a steel blade and no evidence of endothelial gap after 3 months and high values of stromal hydration, while our study found a similar result for 1 day of surgery without performing any hydration.[@b27-opth-13-365] Calladine and Packard found even better values for the incidence of endothelial gaps, 41%, after 1 hour of surgery and suggested that it was more linked to increased intraocular pressure, while Xia et al found incidence of 70% for 1 day of surgery.[@b28-opth-13-365],[@b29-opth-13-365] Torres et al found smaller values in their study, with 25% endothelial gaps.[@b8-opth-13-365]

We observed the same prevalence of 27% of epithelial gaps for the first three moments of observation of the AS-OCT image: after femto; after phaco and first day postop. However, only 9% presented this finding after femto which suggests that the manipulation may play an important role for the appearance of epithelial gaps. Other studies have found similar results.[@b18-opth-13-365],[@b29-opth-13-365],[@b30-opth-13-365] In a study by Alio et al with 20 eyes, no epithelial gap was reported.[@b14-opth-13-365]

In our study, we did not find any case of Descemet detachment immediately after the femtosecond stage, before any manipulation. However, 45% of our cases showed Descemet detachment immediately after phaco, which suggests that this event is more related to the manipulation of the incision than to the femtosecond laser delivery. No Descemet detachments were present at the 30th day postop. None of the Descemet detachment cases were detected in the postoperative slit lamp examination, being observed only through the OCT image. Grewal et al, using spectral domain AS-OCT, observed 0% prevalence for Descemet detachment with 30 days using another laser platform while obtaining 18% prevalence for the same period using a steel blade.[@b15-opth-13-365] Xia et al observed a much higher rate of 82% on the first day and associated low intraocular pressure, with manual incisions.[@b29-opth-13-365] In our study, all patients at 30 days post-surgery no longer presented visible Descemet detachment in the AS-OCT image.

We found a significant difference between the angles of entry and exit of the incision when compared to the programmed parameters, but the same was not seen for the angle of the tunnel. We hypothesized that the changes in the entrance, tunnel and exit angles were due to the different corneal curvatures or even the docking process, suggesting a rotation of the incision architecture around its own central axis in relation to the plane of the cornea. However, there was no difference in the tunnel length compared to what had been programmed.

Conclusion
==========

In the present study, we conclude that the femtosecond was effective in making clear corneal incisions with desired architecture. The data suggests that the surgical manipulation of the incision was the main cause of the corneal pachymetric changes, endothelial gaps and Descemet detachments.

In agreement with previous studies,[@b8-opth-13-365],[@b10-opth-13-365],[@b15-opth-13-365],[@b22-opth-13-365],[@b24-opth-13-365],[@b27-opth-13-365]--[@b30-opth-13-365] AS-OCT has proven to be an effective instrument to evaluate the changes in the architecture of the main corneal incisions during the healing process of the surgical wound.

Comparative studies with greater sampling may demonstrate whether the reproducibility of the main incisions delivered by the femtosecond laser could generate better surgical results and lower rates of complications with statistical significance.
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![Three different OCT evaluations.\
**Note:** Four different OCT evaluations: After femto (**A**); after phaco (**B**); first day postoperative (**C**); 30th day postoperative (**D**).\
**Abbreviations:** femto, femtosecond; phaco, phacoemulsification; OCT, optical coherence tomography.](opth-13-365Fig1){#f1-opth-13-365}

![Points of pachymetry measurements at corneal wound.](opth-13-365Fig2){#f2-opth-13-365}

![Architecture of femtosecond CCI after laser delivery: entry angle, tunnel angle and exit angle.\
**Abbreviation:** CCI, clear corneal incision.](opth-13-365Fig3){#f3-opth-13-365}

![Pachymetry progression at each moment of evaluation.\
**Note:** \*Statistically significant.\
**Abbreviations:** femto, femtosecond; phaco, phacoemulsion.](opth-13-365Fig4){#f4-opth-13-365}

![Endothelial gaps, epithelial gaps and Descemet detachments incidences.\
**Abbreviations:** femto, femtosecond; phaco, phacoemulsification.](opth-13-365Fig5){#f5-opth-13-365}

###### 

Comparison between UDVA and CDVA preoperative and 30 days postoperative

                      Student's *t*-test                   
  ------------------- -------------------- --------------- ----------------------------------------------------
                                                           
  UDVA pre-op         0.51                 5.56            \<0.05[\*](#tfn1-opth-13-365){ref-type="table-fn"}
  UDVA postop         0.11                                 
                                                           
                      **Wilcoxon test**                    
  **Mean (logMAR)**   ***w***              ***P*-value**   
                                                           
  CDVA pre-op         0.13                 21              0.03[\*](#tfn1-opth-13-365){ref-type="table-fn"}
  CDVA postop         0.02                                 

**Note:**

statistically significant.

**Abbreviations:** CDVA, corrected distance visual acuity; UDVA, uncorrected distance visual acuity.

###### 

Comparison of pachymetry in three different points between the four moments of evaluation

                            Test *t*                   
  ------------------------- ---------- ------- ------- ----------------------------------------------------
  **Midpoint point**                                   
  After femto               704        69.47   −8.34   \<0.05[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  After phaco               948        68.15           
  After phaco               948        68.15   1.46    0.16
  First postop              901        81.75           
  First postop              901        81.75   7.16    \<0.05[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  30th postop               691        52.94           
  After femto               704        69.47   0.47    0.64
  30th day postop           691        52.94           
  **1 mm nasal point**                                 
  After femto               667        71.29   −6.92   \<0.05[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  After phaco               902        87.22           
  After phaco               902        87.22   0.035   0.97
  First postop              901        55.24           
  First postop              901        55.24   9.24    \<0.05[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  30th postop               661        66.03           
  After femto               667        71.29   0.2     0.84
  30th postop               661        66.03           
  **1 mm temporal point**                              
  After femto               745        76.42   −4.24   \<0.05[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  After phaco               858        44.52           
  After phaco               858        44.52   2.56    0.02[\*](#tfn3-opth-13-365){ref-type="table-fn"}
  First postop              783        86.68           
  First postop              783        86.68   1.53    0.14
  30th day postop           731        70.92           
  After femto               745        76.42   0.44    0.66
  30th day postop           731        70.92           

**Note:**

statistically significant.

**Abbreviations:** femto, femtosecond; phaco, phacoemulsification.

###### 

Increasing/decreasing of pachymetry in three points of the incision at each evaluation

                    Pachymetry evolution          
  ----------------- ---------------------- ------ ------
                                                  
  After phaco       26%                    25%    13%
  1st day postop    −5%                    −1%    −9%
  30th day postop   −27%                   −27%   −15%

###### 

Architecture of the wound: entry angle, exit angle, tunnel angle and length

  Laser           Test *t*                      
  --------------- ---------- ---------- ------- ----------------------------------------------------
                                                
  Entry angle     90         70.24      −5.45   0.0009[\*](#tfn5-opth-13-365){ref-type="table-fn"}
  Exit angle      80         69.07      −4.96   0.0016[\*](#tfn5-opth-13-365){ref-type="table-fn"}
  Tunnel angle    20         19.42      −0.49   0.6416
  Tunnel length   1.800      1,688.87   −2.18   0.0656

**Note:**

statistically significant.
